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I n t r o d u c t i o n  

The i n o r g a n i c  c o n s t i t u e n t s  of  l i g n i t e s  f rom t h e  F o r t  U n i o n  R e g i o n  a r e  
d i s t r i b u t e d  w i t h i n  t h e  c o a l  m a t r i x  a s  c a t i o n s ,  c o o r d i n a t e d  s p e c i e s  and  
i i i i i i e ra l s  (i). T h e  q u a n : i t i a a  ui i n o r g a n i c s  p r e s e n t  i n  t h e s e  i i g n i c e s  
h a v e  s i g n i f i c a n t  w i t h i n - m i n e ,  o r  i n t r a m i n e ,  v a r a b i l i t y  (2). S t u d i e s  
h a v e  i n d i c a t e d  t h a t  h i g h - s o d i u m  c o a l s  f r o m  t h i s  r e g i o n  c a u s e  s e v e r e  
a s h  f o u l i n g  of  h e a t  e x c h a n g e  s u r f a c e s  i n  u t i l i t y  b o i l e r s  (2). The 
c o a l s  i n v e s t i g a t e d  w e r e  c o l l e c t e d  f r o m  p i t s  w i t h i n  t h e  G a s c o y n e  Mine ,  
Bowman C o u n t y ,  N o r t h  D a k o t a  and B e u l a h  M i n e ,  M e r c e r  C o u n t y ,  N o r t h  
D a k o t a .  From e a c h  m i n e ,  two s a m p l e s  w e r e  s e l e c t e d  h a v i n g  s i g n i f i c a n t  
d i f f e r e n c e s  i n  s o d i u m  c o n t e n t  and d i f f e r e n t  f o u l i n g  c h a r a c t e r i s t i c s  i n  
u t i l i t y  b o i l e r s .  

The d i s t r i b u t i o n  of  i n o r g a n i c s  c o n s t i t u e n t s  w i t h i n  t h e  Gascoyne  
a n d  B e u l a h  c o a l s  was d e t e r m i n e d  by n o n - q u a n t i t a t i v e  i d e n t i f i c a t i o n  of 
m i n e r a l  m a t t e r  a n d  by c h e m i c a l  f r a c t i o n a t i o n  t o  a s c e r t a i n  any 
s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  a s s o c i a t i o n  of  e l e m e n t s  w i t h i n  t h e  
c o a l s .  In a d d i t i o n ,  t h e  a m o u n t s  of  i o n  e x c h a n g e a b l e  c a t i o n s  were 
r e l a t e d  t o  t h e  c a r b o x y l a t e  c o n t e n t  o f  t h e  c o a l s .  

E x p e r i m e n t  a1 

S a m p l e s  were c o l l e c t e d  a c c o r d i n g  t o  a p r o c e d u r e  u s e d  by Benson (4). 
P r o x i m a t e  a n d  u l t i m a t e  a n a l y s e s  were p e r f o r m e d  on t h e  a i r - d r i e d  c o a l s  
u s i n g  s t a n d a r d  ASTM m e t h o d s  (5). B u l k  c o a l  m i n e r a l o g y  was d e t e r m i n e d  
by x- ray  d i f f r a c t i o n  (XRD) of  & h e  c o a l ' s  l o w - t e m p e r a t u r e  a s h  (LTA) (a) 
a n d  by s c a n n i n g  e l e c t r o n  m i c r o p r o b e  (SEM) i n  c o n j u n c t i o n  w i t h  e n e r g y  
d i s p e r s i v e  x - r a y  a n a l y s i s  (EDX) (L) of  t h e  c o a l .  C a r b o x y l a t e  c o n t e n t s  
were  d e t e r m i n e d  b y  e x c h a n g i n g  t h e  d e m i n e r a l i z e d  c o a l s  (6-1 w i t h  1N 
b a r i u m  a c e t a t e .  f o l l o w e d  b y  p o t e n t i o m e t r i c  t i t r a t i o n  w i t h  0.2N b a r i u m  
h y d r o x i d e  t o  pH 8 . 2 5  t o  d e t e r m i n e  t h e  a c i d  p r o d u c e d  (9). The 
d e t e r m i n a t i o n  of  i n o r g a n i c  c o n s t i t u e n t s  of  t h e  s t a r t i n g  c o a l s  and  
s u b s e q u e n t  r e s i d u e s  was p e r f o r m e d  by x-ray f l u o r e s c e n c e  (XRP) (E) and 
n e u t r o n  a c t i v a t i o n  a n a l y s i s  (NAA) ( 1 1 ) .  The c h e m i c a l  f r a c t i o n a t i o n  
was d o n e  w i t h  a method m o d i f i e d  f r o 7  t h a t  o f  M i l l e r  a n d  G i v e n  (L). 
Two s a m p l e s  of  e a c h  c o a l  were g r o u n d  t o  l e s s  t h a n  a p p r o x i m a t e l y  325 
mesh i n  a n  a l u m i n a  g r i n d e r  a n d  f r e e z e  d r i e d  f o r  two d a y s .  The d r i e d  
c o a l  was mixed  w i t h  100 m l  o f  1N ammonium a c e t a t e  a n d  s t i r r e d  f o r  24 
h o u r s  a t  7 0 ° C  i n  a p l a s t i c  b e a k e r .  The m i x t u r e  was f i l t e r e d ,  t h e  
r e s i d u e  w a s h e d ,  a n d  t h e  e x t r a c t  made u p  t o  250  m l .  The d r i e d  r e s i d u e  
was e x t r a c t e d  two more t imes  w i t h  ammonium a c e t a t e ,  t h e n  tw ice  w i t h  1N 
h y d r o c h l o r i c  a c i d  i n  t h e  same m a n n e r .  A l l  o f  t h e  e x t r a c t s  were  
a n a l y z e d  w i t h  i n d u c t i v e l y  c o u p l e d  a r g o n  plasma s p e c t r o m e t r y  ( I C A P ) .  A 
p o r t i o n  of  t h e  r e s i d u e  l e f t  a f t e r  t h e  ammonium a c e t a t e  e x t r a c t i o n s  and  
a p o r t i o n  l e f t  a f t e r  t h e  h y d r o c h l o r i c  a c i d  e x t r a c t i o n s  were a n a l y z e d  
b y  XRF a n d  N A A .  
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I 

, Results and Discussion 
I 
I 

Coal Compositions. Table I shows the initial elemental. proximate, 
ultimate, and carboxylate content analysis of the coals on a moisture 
free basis. 

Table I. Dry Bulk Coal Elemental, Ultimate, Proximate, 
and Carboxylate Analyses 

x 

Gascoyne Gascoyne Beulah Beulah 
LOW High LOW High 
Sodium Sodium Sodium Sodium 

1 3 1 7  
2 9 9 1  
8 7 4 0  

2 8 6 4 0  
1 2 6 0  

1 7 3 7 0  
1 1 8 0  

1 2 3  
3 8 9 0  

59 3 
5 8 . 3  

4 .o 
0 . 8 8  

1 . 7  
1 9 . 6  
15.5 

2 . 4 6  

2 6 9 4  
2 5 8 8  
7 3 0 0  

1 0 9 2 0  
1 4 3 0  

2 2 7 9 0  
5 4 6  
1 6 3  

2 5 4 0  
1 2 6 8  
5 4 . 5  

5 . 2  
0 . 8 4  

1 . 4  
2 9  . 3  

8 . 8  

2 . 5 4  

1 3 7 9  
1 4 7 6  
5 4 2 0  
8 9 5 0  

9 1 6  
1 5 6 1 0  

5 0 3  
5 2  

1 0 2 4 0  
1 7 9  

6 1  .4 
4 . 1  

0 . 4 2  
3 . 2  

1 8 . 2  
1 2 . 6  

2 . 4 7  

4 6 2 5  
9 7 9  

2 8 9 0  
3 5 3 0  
ND* 

1 8 1 1 0  
5 8 3  

2 4  
5 1 6 0  

3 9 7  
6 6  .4  

3 . 6  
0 . 8 7  

1 . 2  
1 9 . 5  

8 . 4  

2 . 7 6  

*ND - Not determined. 

Similarities can be seen between the high-sodium coals versus 
their intramine low-sodium counterparts. In the high-sodium coals. 
the carboxylate,calcium, and barium contents are greater. Magnesium, 

I aluminum, silicon, iron, and ash contents are lower i n  the high-sodium 
coals than in their intramine low-sodium counterparts. 

Coal Mineralogy. The mineralogtes of the coals, determined by x-ray 
diffraction of their low-temperature ashes, are similar. The 

sodium coal. The mineral phases which were in sufficient amounts ( 2 -  
5 %  depending on crystal structure) to be clearly delineated include 
quartz (SiO2), micaceous clay minerals, and pyrite (Pes2). Some 
bassanite ( C a S 0 4 ' 1 / 2  H20) was Identified in the LTA of the Beulah 
coals although it is not clear if this forms from sulfur fixation 
during ashing (11) or from the dehydration of gypsum. The quartz 
peaks are more prominent in the diffractograms of the ash from the 
low-sodium (high-ash) coals. 

In addition to the minerals mentioned above, the SEM-EDX work 
showed minor amounts of dolomite (CaMg(C03)p), calcite (CaC03), gypsum 

I 
i 

I diffractogram shown in Figure 1 is of the LTA of the Gascoyne high 
i 
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(CaS04 '2H20) ,  r u t i l e  ( T i 0 2 ) .  h e m a t i t e  ( F e 2 0 3 )  (7-1, a n d  b a r i t e  ( B a S 0 4 )  
(1). A l s o ,  t h e  m i c a c e o u s  c l a y  m i n e r a l s  i d e n t i f i e d  by XRD w e r e  s e e n  t o  
i n c l u d e  k a o l i n i t e ,  i l l i t e s ,  and m i c a s .  Most  o f  t h e  SEM-EDX work was 
n o t  s y s t e m a t i c  so q u a n t i t a t i v e  c o m p a r i s o n s  b e t w e e n  t h e  c o a l s  w i l l  n o t  
b e  made h e r e .  

Ammonium A c e t a t e  T r e a t m e n t s .  The  p e r c e n t a g e s  of  t h e  e l e m e n t s  removed 
f rom t h e  c o a l s  by t h e  ammonium a c e t a t e  t r e a t m e n t s  a r e  shown i n  T a b l e  
11. The f i g u r e s  f o r  t h e  c a r b o x y l a t e  i o n s  a r e  p e r c e n t a g e s  o f  t h e  
c a r b o x y l  g r o u p s  t h a t  a re  i n  a s a l t  f o r m ,  u n d e r  t h e  a s s u m p t i o n  t h a t  a l l  
o f  t h e  c a t i o n s  removed by t h e  ammonium a c e t a t e  t r e a t m e n t s  were  
e x c h a n g e d  f r o m  t h e s e  s i t e s .  M i n o r  a m o u n t s  of t h e s e  e l e m e n t s  may h a v e  
b e e n  e x c h a n g e d  f r o m  o t h e r  o r g a n i c  a c i d s  o r  m i c a c e o u s  c l a y s ,  o r  may 
h a v e  come f r o m  t h e  d i s s o l u t i o n  o f  m i n e r a l s  s o l u b l e  i n  ammonium a c e t a t e  
s u c h  a s  gypsum, c a l c i t e ,  a n d  d o l o m i t e .  

T a b l e  11. E l e m e n t s  Removed by Ammonium A c e t a t e  ( X )  

Gascoyne  G a s c o y n e  B e u l a h  B e u l a h  
Low H i g h  L o w  H i g h  

Sodium Sodium Sodium Sodium 

Na 100 100 100 100 
Mg 74 75  76  8 4  
A 1  0 0 0 0 
s i  0 1 0 0 
K 2 2  19 7 *31 
Ca 7 8  8 5  8 2  77 
T i  0 0 0 0 
Mn 34 39 25 21 
F e  0 0 0 0 
Ba 39 61 72  88 
C a r b o x y l  g r o u p s  
( X  i n  s a l t  f o r m )  3 8  51 32 35 

*ppm removed 

The  r e s u l t s  i n d i c a t e  a luminum,  s i l i c o n ,  t i t a n i u m ,  a n d  i r o n  a r e  
n o t  removed f rom a n y  of  t h e  c o a l s  by t h i s  t r e a t m e n t .  Among t h o s e  
e l e m e n t s  t h a t  a r e  e x t r a c t e d ,  a h i g h e r  p e r c e n t a g e  of b a r i u m  i s  removed 
f rom t h e  h i g h - s o d i u m  c o a l s  t h a n  f r o m  t h e i r  i n t r a m i n e  low-sodium 
c o u n t e r p a r t s .  However ,  more b a r i u m  i s  removed by e a c h  of  t h e  s e c o n d  
a n d  t h i r d  t r e a t m e n t s  t h a n  by t h e  f i r s t  s o  w e  f e e l  t h a t  t h e  b a r i u m  
e x t r a c t i o n  was i n c o m p l e t e .  A l a r g e  p e r c e n t a g e  o f  t h e  s o d i u m ,  c a l c i u m ,  
and  magnes ium was removed f r o m  a l l  of t h e  c o a l s .  

H y d r o c h l o r i c  A c i d  T r e a t m e n t s .  T a b l e  I11 l i s t s  t h e  p e r c e n t a g e  of 
e l e m e n t s  removed b y  t h e  h y d r o c h l o r i c  a c i d  t r e a t m e n t s .  T h e  e l e m e n t s  
removed by t h i s  t r e a t m e n t  were  a s s o c i a t e d  w i t h  t h e  c o a l  as  o x i d e s ,  
c a r b o n a t e s ,  c o o r d i n a t e d  c o m p l e x e s  w i t h i n  t h e  c o a l  o r g a n i c  s t r u c t u r e  
and  c e r t a i n  e l e m e n t s  (Mg, A l ,  S i ,  K ,  Ca,  F e )  w h i c h  c a n  be e x t r a c t e d  
f r o m  t h e  m i c a c e o u s  c l a y  m i n e r a l s .  

A h i g h e r  p e r c e n t a g e  o f  a luminum was removed f r o m  t h e  h i g h - s o d i u m  
( l o w - a s h )  c o a l s  t h a n  f r o m  t h e  c o r r e s p o n d i n g  i n t r a m i n e  low-sodium 
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T a b l e  111. E l e m e n t s  Removed by H y d r o c h l o r i c  A c i d  ( X )  

Na 
Mg 
A 1  
s i  
K 
Ca 
T i  
Mn 
Fe  
Ba 

*ppm removed 

G a s c o y n e  
L O W  

Sodium 

0 
12 
42 

3 
30 
20 

4 
64 
1 3  
43 

G a s c o y n e  
High  

Sodium 

0 
16 
51 
12 
41 
14 

7 
60 
6 8  
39 

B e u l a h  
L O W  

Sodium 

0 
17 
60  
14 
19 
17 

5 
69 
37 
16 

B e u l a h  
H i g h  

Sodium 

0 
1 6  
8 0  
1 2  

*206 
22 

2 
76  
4 2  
1 2  

( h i g h - a s h )  c o a l s .  A l t h o u g h  more a luminum was a c t u a l l y  removed f r o m  
t h e  low-sodium c o a l s ,  w e  f e e l  t h a t  t h e  s o l u t i o n s  were n o t  s a t u r a t e d  
b e c a u s e  much l o w e r  l e v e l s  o f  a luminum were f o u n d  i n  t h e  s e c o n d  
e x t r a c t s  t h a n  i n  t h e  f i r s t .  I n s t e a d ,  w e  b e l i e v e  t h a t  t h e  h i g h e r  
r e l a t i v e  r e m o v a l  f r o m  t h e  h i g h - s o d i u m  c o a l s  i s  d u e  t o  d i f f e r e n c e s  i n  

r a t i o  of  a luminum t o  s i l i c o n  removed ( 4 : l  - 1 4 : l )  d o e s  n o t  m a t c h  t h e  

t h e  m i c a c e o u s  c l a y s  h a v e  n o t  d i s s o l v e d  b u t  t h a t  a s e l e c t i v e  a t t a c k  h a s  
o c c u r r e d  on  t h e  g i b b s i t e  ( a l u m i n u m  c o n t a i n i n g )  l a y e r  i n  t h e  m i c a c e o u s  
c l a y s .  

I n s o l u b l e s .  T a b l e  I V  shows t h e  e l e m e n t a l  p e r c e n t a g e s  l e f t  i n  t h e  
r e s i d u e  a f t e r  t h e  c h e m i c a l  f r a c t i o n a t i o n  p r o c e s s .  

I t h e  t y p e s  o f  m i c a c e o u s  c l a y  m i n e r a l s  p r e s e n t .  I n  a l l  t h e  c o a l s  t h e  

I r a t i o s  f o u n d  i n  common m i c a c e o u s  c l a y  m i n e r a l s .  T h i s  i n d i c a t e s  t h a t  

I 
L i t t l e  o r  n o  s o d i u m ,  magnes ium,  c a l c i u m ,  a n d  manganese  r e m a i n  i n  

t h e  c o a l s .  X-ray d i f f r a c t i o n  of  t h e  low t e m p e r a t u r e  a s h  o f  t h e  
r e s i d u e  f r o m  t h e  G a s c o y n e  h i g h - s o d i u m  c o a l  shows t h a t  t h e  m a j o r  
r e m a i n i n g  m i n e r a l s  a r e  t h e  same a s  t h o s e  s e e n  i n  t h e  LTA of  t h e  b u l k  
c o a l ;  i . e . ,  q u a r t z  ( S i 0 2 ) ,  m i c a c e o u s  c l a y s ,  a n d  p y r i t e  ( P e s 2 ) .  Work 
d o n e  w i t h  t h e  SEM-EDX s u g g e s t s  t h a t  t h e  p o t a s s i u m  r e m a i n i n g  i n  t h e  
r e s i d u e  i s  f o u n d  i n  t h e  m i c a c e o u s  c l a y s ,  t i t a n i u m  i n  a r u t i l e  f o r m  
( T i 0 2 ) ,  a n d  t h e  b a r i u m  p r e s e n t  as b a r i t e  ( B a S 0 4 ) ( L ) .  I t  i s  
i n t e r e s t i n g  t h a t  no b a r i u m  i s  l e f t  i n  t h e  h i g h - s o d i u m  c o a l s  e v e n  
t h o u g h  t h e y  o r i g i n a l l y  c o n t a i n e d  more b a r i u m  t h a n  t h e  l o w - s o d i u m  
c o a l s .  

Conclueione 

The amount and mode o f  o c c u r r e n c e  of  i n o r g a n i c s  i n  l i g n i t e s  c a n  h a v e  a 
p r o n o u n c e d  e f f e c t  on  t h e  e f f i c i e n c y  of  t h e  c o a l ' s  u t i l i z a t i o n .  T h i s  
s t u d y  u s e d  a number of t h e  t e c h n i q u e s  d e v e l o p e d  by o t h e r s  t o  
i n v e s t i g a t e  v a r i a t i o n s  i n  t h e  i n o r g a n i c  makeup o f  c o a l s  f o u n d  i n  two 
a reas  w i t h i n  e a c h  of two m i n e s .  By b e t t e r  u n d e r s t a n d i n g  t h e s e  

I 
J 

i 
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T a b l e  IV. E l e m e n t s  R e m a i n i n g  A f t e r  A l l  T r e a t m e n t s  ( X )  

Na 
Mg 
A 1  
s i  
K 
C a  
T i  
Mn 
FP- 
Ba 

G a s c o y n e  G a s c o y n e  B e u l a h  B e u l a h  
Low H i g h  LOW H i g h  

Sodium Sodium Sodium Sodium 

0 
1 4  
5 8  
97  
4 8  

2 
96  

2 
2 7  
1 8  

0 
9 

49 
8 7  
40 

1 
9 3  

1 

0 
11 
.,A 

0 
7 

40 
86 
74 

1 
9 5  

6 
6 3  
1 2  

0 
0 

20 
88 

* N D  
1 

9 8  
3 

58 
0 

*Not d e t e r m i n e d .  

v a r i a t i o n s ,  i n s i g h t s  into t h e  v a r i o u s  d e p o s i t i o n a l  a n d  p o s t  
d e p o s i t i o n a l  p r o c e s s e s  may be g a i n e d .  A l s o ,  u n d e r s t a n d i n g  t h e  modes 
of  o c c u r r e n c e  of  t h e  i n o r g a n i c  c o n s t i t u e n t s  of a c o a l  may h e l p '  i n  
d e t e r m i n i n g  i t s  a p p r o p r i a t e  u t i l i z a t i o n .  

A c o m p a r i s o n  of  t h e  e l e m e n t a l  a s s o c i a t i o n s  b e t w e e n  t h e  h i g h -  
s o d i u m  c o a l s  a n d  t h e i r  i n t r a m i n e  low-sodium c o u n t e r p a r t s  shows:  

1 .  No s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  modes of  o c c u r r e n c e  o f  t h e  
i n o r g a n i c  c o n s t i t u e n t s  e x i s t ,  o n l y  d i f f e r e n c e s  in t h e  
a m o u n t s  o f  i n o r g a n i c  s p e c i e s .  

2 .  A h i g h e r  p e r c e n t a g e  of  a luminum i s  e x t r a c t e d  f r o m  t h e  h i g h -  
s o d i u m  c o a l s  i n d i c a t i n g  d i f f e r e n t  t y p e s  o f  p r e d o m i n a n t  
m i c a c e o u s  c l a y  m i n e r a l s .  

3 .  A h i g h e r  p e r c e n t a g e  of b a r i u m  i s  a s s o c i a t e d  w i t h  ion 
e x c h a n g e  s i t e s  i n  t h e  h i g h - s o d i u m  c o a l s .  

F u r t h e r  work  n e e d s  to b e  d o n e  i n  d e t e r m i n i n g  t h e  e x a c t  
m i n e r a l o g i c  makeup and t y p e s  of  o r g a n i c  a c i d s  f o u n d  i n  t h e  c o a l s ,  a s  
w e l l  a s  a c c u m u l a t i n g  more  d a t a  f r o m  w h i c h  t o  draw f u r t h e r  c o n c l u s i o n s .  
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